Background: Esophageal adenocarcinoma (EA) and gastric cardia adenocarcinoma (GCA) are characterized by a strong male predominance. Concentrations of sex steroid hormones have been hypothesized to explain this sex disparity. However, no prospective population-based study has examined sex steroid hormones in relation to EA/GCA risk. Thus, we investigated whether prediagnostic circulating sex steroid hormone concentrations were associated with EA/GCA in a nested case-control study drawn from participants in three prospective cohort studies. Methods: Using gas chromatography-mass spectrometry (GC-MS) and electrochemiluminescence immunoassay, we quantitated sex steroid hormones and sex hormone binding globulin, respectively, in serum from 259 EA/GCA male case participants and 259 matched male control participants from the Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial, Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study, and Cancer Prevention Study II Nutrition Cohort. Multivariable conditional logistic regression was used to calculate odds ratios (ORs) and 95% confidence intervals (CIs) for associations between circulating hormones and EA/GCA risk. All statistical tests were two-sided. Results: Higher concentrations of dehydroepiandrosterone (DHEA) were associated with a 38% decreased risk of EA/GCA (OR per unit increase in log 2 DHEA ¼ 0.62, 95% CI ¼ 0.47 to 0.82, P trend ¼ .001). Higher estradiol concentrations were associated with a 34% reduced risk of EA/GCA (OR ¼ 0.66, 95% CI ¼ 0.45 to 0.98, P trend ¼ .05), and the association with free estradiol was similar. No other associations between baseline hormone concentrations and future EA/GCA risk were observed. Conclusions: This study provides the first evidence that higher concentrations of circulating DHEA, estradiol, and free estradiol may be associated with lower risks of EA/GCA in men.
differ in prevalence by sex, such as obesity, reflux, and smoking. However, analyses of these factors have explained very little of the male predominance of these tumors (7, 8) . Sex hormones may potentially account for this sex disparity (9, 10) . This hypothesis is supported by sex steroid hormone involvement in the inflammatory process (11) (12) (13) (14) ; expression of estrogen receptors (ERs) in esophageal and gastric cancer tissue (9, (15) (16) (17) (18) (19) (20) ; lower rates of esophageal and gastric cancer among men with prostate cancer, who are likely to receive anti-androgen therapies (21) (22) (23) (24) ; and in women, lower rates of esophageal and gastric cancer associated with reproductive factors and estrogen hormone replacement therapies (25) (26) (27) . Additionally, a population-based case-control study found that androgen:estrogen balance was associated with increased odds of EA (44) , and a small hospital-based study reported higher testosterone concentrations among EA case participants (n ¼ 25) than control participants (n ¼ 8) (28) . One small prospective study reported lower concentrations of dehydroepiandrosterone (DHEA) and DHEA-sulfate among gastric cancer case participants (n ¼ 13) than control participants (n ¼ 52) (29) , but the study did not report if any of the case participants were diagnosed with GCA.
To date, no study has been conducted of sex steroid hormones and EA/GCA risk with prediagnostically collected blood samples. Thus, we conducted a pooled, nested case-control study using prediagnostic serum samples from three large prospective cohort studies to evaluate associations between concentrations of circulating sex steroid hormones and future EA/GCA risks.
Methods

Study Population
The current study leveraged the resources from three prospective parent cohort studies: Prostate, Lung, Colorectal, and Ovarian (PLCO) Cancer Screening Trial; Alpha-Tocopherol, BetaCarotene (ATBC) Cancer Prevention Study; and Cancer Prevention Study II (CPS-II) Nutrition Cohort (30) (31) (32) . These studies were combined in order to have a sufficient sample size to examine the rare outcome of EA/GCA. All study protocols were approved by the institutional review boards of the participating institutions, and written informed consent was obtained from participants.
The PLCO Trial was a randomized controlled trial conducted at 10 study sites to evaluate the effects of cancer screening on cancer-related mortality (30) . Eligible participants were men and women, age 55-74 years, between 1993 and 2001. Exclusions included persons with prior prostate, lung, colon, rectum, or ovarian cancer or currently undergoing cancer treatment. Participants completed a self-administered baseline questionnaire, which included anthropometric measurements. The PLCO Trial included 154 901 participants (76 685 men, 78 216 women).
The ATBC Study was a randomized controlled trial among Finnish male smokers, designed to test the effects of a-tocopherol and b-carotene supplementation on cancer incidence (31) . Eligible participants were men, age 50-69 years, who smoked at least five cigarettes per day at the time of study recruitment, between 1985 and 1988. Exclusions included persons with prior cancer or other conditions that would limit participation in the trial. Participants completed a self-administered baseline questionnaire, and anthropometric measurements were collected by trained nurses. The ATBC Study included 29 133 male participants.
The CPS-II Nutrition Cohort is a subset of participants in the baseline CPS-II cohort study, which was established in 1982 to evaluate associations between diet and other exposures in relation to the risks of cancer incidence and mortality (32) . Eligible participants were men and women, age 50-74 years, residing in 21 states with population-based cancer registries, who completed a mailed self-administered questionnaire in 1992-1993, which included anthropometric measurements. Exclusions included persons with a prior self-reported cancer diagnosis. The CPS-II Nutrition Cohort included 162 408 participants (77 048 men, 85 360 women).
The current study was restricted to men because there were too few case participants among women to provide adequate statistical power. Eligible case participants with serum and a first primary invasive cancer diagnosis were classified, using ICD-O-3 (33) topography codes, as esophageal (C15.0-C15.9) and gastric cardia (C16.0). Only case participants with morphologies consistent with adenocarcinoma were included (8140-8575). Additionally, in the ATBC Study, adenocarcinomas have historically only been classified as esophageal if the tumor was 3 cm or more above the gastric junction and had no junctional involvement.
Control participants were matched one-to-one using incidence-density sampling based on study, age (61 year), race/ ethnicity, year of blood draw (61 year), time of blood draw (AM/ PM), and number of freeze-thaw cycles for available serum samples. Thus, 202 participants are from the PLCO Trial, 248 from the ATBC Study, and 68 from the CPS-II Nutrition Cohort, providing a total of 259 EA/GCA case and 259 control participants.
Data and Sample Collection
The PLCO Trial collected blood samples from all participants in the screening intervention arm of the study during baseline visit; fasting status was not collected (34) . The ATBC Study collected blood samples on all participants who had fasted for at least 12 hours at the time of their baseline clinic visit (31) . The CPS-II Nutrition Cohort collected blood samples from approximately 39 000 CPS-II participants, who lived in urban and suburban areas, during a scheduled blood draw at a community hospital between 1998 and 2001; samples were generally nonfasting (32) . Blood samples were frozen at -70 C in the PLCO Trial and ATBC Study (31, 34) , and at -130 C for the CPS-II Nutrition Cohort (32) .
Laboratory Assays and Measurements
Sex steroid hormone assays were performed at the Pharmacogenomics Laboratory of Laval University (Quebec, Canada). Samples were quantitated for dehydroepiandrosterone (DHEA), androstenedione, testosterone, dihydrotestosterone (DHT), estrone, and estradiol using gas chromatographymass spectrometry (GC-MS) ( Figure 1 ) (35) . In each of the 10 batches, three low-and three high-hormone concentration nonblinded quality control (QC) replicates were included. In these QCs, coefficients of variation (CVs) were less than 12% (range ¼ 2.9%-11.9%). Additionally, approximately five blinded QCs were also included in each batch, and the CVs were less than 15% (range ¼ 4.2%-14.7%). The exception to this was estrone (23.8%), but the CV was similar after batch 10 was excluded (14.1%). Excluding this batch from the analysis did not alter estimates of association (data not shown). Sample assays were excluded (ie, treated as missing values) if they were below the limit of quantification (eg, true low hormone concentration, poor chromatography or low internal standard; DHEA n ¼ 3, androstenedione n ¼ 2, testosterone n ¼ 2, DHT n ¼ 4, estrone n ¼ 7, and estradiol n ¼ 2). Sex hormone binding globulin (SHBG) was quantitated at the Clinical and Epidemiologic Research Laboratory of Boston Children's Hospital (Boston, MA) using a competitive electrochemiluminescence immunoassay on the Roche E Modular system (Roche Diagnostics, Indianapolis, IN). In each of the 10 batches, approximately five blinded quality controls were included, and the CV was 4.2%.
In addition to individual hormones, we calculated parent estrogens (the sum of estrone and estradiol), testosterone:parent estrogens ratio, testosterone:estradiol ratio, androstenedione:estrone ratio, free estradiol (36), free testosterone (37), and free DHT (38) . Hormone concentrations were categorized in quartiles, based on the distributions among the control participants. Tests of linear trend were performed based on the quartile-specific medians of the hormone concentrations. As continuous hormone values were right skewed, values were also log 2 transformed, which corresponds to a doubling of circulating sex steroid hormone per one-unit increase.
Statistical Analysis
Differences in potential covariates between case and control participants were assessed using a Wilcoxon-Mann-Whitney test for continuous variables and chi-square/Fisher exact test for categorical variables. Mean hormone concentrations were adjusted for age and study, and the analysis of variance (ANOVA) test was used to compare case and control participants. Conditional logistic regression, based on the incidencedensity matched case-control pairs, was used to calculate the odds ratios (ORs), as an estimate of relative risk, and corresponding 95% confidence intervals (CIs) for the associations between circulating hormones and EA/GCA risk. If covariates (39) were associated with 1) exposure in the general population (ie, control participants) and 2) outcome among the unexposed (ie, lowest quartile of sex steroid hormone concentration) (40) , then the full model was evaluated both with and without the covariate of interest. Subsequently, if the log OR changed by 10% or more due to variable elimination, the variable was considered a confounder and retained (39) . Final adjusted models included age (continuous), education (less than high school, high school/ GED, some college/technical, college graduate), smoking status (never, current, former), number of cigarettes per day for current smokers (continuous), body mass index (BMI; 18.5-24.9, 25.0-29.9, !30.0 kg/m 2 ), and diabetes (yes, no). Additionally, adjustment for BMI as a continuous measure instead of categorical had negligible effects (data not shown). We also examined alcohol consumption, marital status, aspirin use, and study-specific enrollment sites, but these did not meet the inclusion criteria. Effect measure modification of the relationships between log 2 transformed hormone concentrations and EA/GCA by a priori selected variables of age, smoking, BMI, and diabetes was assessed using likelihood ratio tests (39) . We estimated Pearson pairwise correlations for each biomarker pair. This correlation matrix was then used to estimate the effective number of independent comparisons (41) and the corresponding adjusted statistical significance threshold for an alpha of .05 using matSpDlite (42, 43) . For the 14 main comparisons, the effective number of tests was estimated as 8.3, with a corresponding Sidak adjusted statistical significance threshold of .006. All tests were two-sided. Analyses were conducted using SAS, version 9.4 (SAS Institute, Cary, NC), and R Studio, version 1.0.153 (RStudio, Inc., Boston, MA).
Sensitivity Analysis
In addition to calculating quartiles based on the overall control participant distribution, we calculated study-specific quartiles. Then, tests of linear trend were performed based on the quartile-specific score of the hormone concentrations. To examine potential issues with reverse causation, we examined our results stratified by median follow-up time (ie, time between blood draw and cancer diagnosis), as individuals with undiagnosed underlying esophageal disease (eg, Barrett's esophagus, low-or high-grade dysplasia) may have altered hormone concentrations. We also examined heterogeneity by site (ie, esophageal or gastric cardia) using unconditional logistic regression to calculate the ratio of the odds ratios (ROR). For individuals with a hormone assay that was below the lower limit of quantification, we conducted an analysis whereby we assigned half the lower limit of quantification for the hormone value. Finally, for outlier observations, defined as 63 standard deviations on the log 2 scale from mean hormone concentrations among control participants, we conducted an analysis excluding these observations (DHEA n ¼ 3, androstenedione n ¼ 2, testosterone n ¼ 7, DHT n ¼ 10, estrone n ¼ 10, and estradiol n ¼ 7).
Results
As shown in Table 1 , case participants were more likely than control participants to have a BMI of 30 kg/m 2 or higher (26.6% vs 14.3%, P < .001) and to be a former smoker at study baseline (35.1% vs 27.4%, P ¼ .006). All individual hormones had lower mean concentrations in case participants than in control participants (eg, DHEA 5.67 nmol/L vs 6.90 nmol/L, P < .001).
A doubling in the circulating concentration of DHEA was associated with a 38% reduced EA/GCA risk (OR per one-unit increase in log 2 DHEA ¼ 0.62, 95% CI ¼ 0.47 to 0.82) ( Table 2) . Results were consistent when we examined quartiles of DHEA concentration (OR quartile 4 vs 1 ¼ 0.28, 95% CI ¼ 0.13 to 0.64, P trend ¼ .001). Results for DHEA remained statistically significant after adjustment for multiple comparisons. A doubling in the circulating concentration of estradiol was associated with a 34% reduced EA/GCA risk (OR per one-unit increase in log 2 estradiol ¼ 0.66, 95% CI ¼ 0.45 to 0.98). Results were consistent when we examined quartiles of estradiol concentration (OR quartile 4 vs 1 ¼ 0.55, 95% CI ¼ 0.31 to 0.99, P trend ¼ .05). The association between free estradiol and EA/GCA was nearly identical to the estradiol-EA/GCA association. When we mutually adjusted for DHEA and estradiol, results were not notably altered (OR per one-unit increase in log 2 DHEA ¼ 0.64, 95% CI ¼ 0.48 to 0.85, and OR per one-unit increase in log 2 estradiol ¼ 0.73, 95% CI ¼ 0.49 to 1.11). No other associations were observed between hormones and EA/GCA risk. Additionally, no effect measure modification by age, smoking, BMI, or diabetes was observed (all P ! .05).
Demographics and hormone concentrations by parent study are shown in Supplementary Table 1 (available online). As age, BMI, history of diabetes, and education level differed by parent study, we conducted a sensitivity analysis using study-specific quartiles of hormone concentrations. Results using these study-specific quartiles were similar to the main results (Supplementary Table 2 , available online). For example, the highest vs lowest quartile of DHEA concentration was associated with a 62% reduced risk of EA/GCA (OR ¼ 0.38, 95% Table 3 , available online). When we stratified by time between blood draw and cancer diagnosis (< or !8.4 years), the results were similar (Supplementary Table 4 , available online). We also examined the results by tumor site (ie, esophageal or gastric cardia) and found no notable heterogeneity, with the possible exceptions of DHT and free estradiol (Supplementary Table 5 , available online). Finally, assigning half the lower limit of detection for missing hormone values or exclusion of outliers did not substantially alter the results (data not shown).
Discussion
Prediagnostic concentrations of circulating DHEA, estradiol, and free estradiol were associated with reduced risks (34%-38%) of EA/GCA in three large prospective cohort studies. No other associations were observed between hormones and EA/GCA risk. This is the first study to examine the association between prediagnostic circulating sex steroid hormones and EA/GCA risk. While two previous studies have examined the association between circulating sex steroid hormones and EA risk, these studies collected blood samples at diagnosis (28, 44) . Thus, these studies are subject to potential reverse causation, whereby the tumor or other disease processes, such as cachexia, could affect concentrations of circulating sex steroid hormones. In the only prospective study of circulating sex steroid hormones and gastric cancer risk, the concentration of DHEA was lower among case compared with control participants (P ¼ .09), but that study was small (13 case participants) and results for gastric cardia, specifically, were not reported (29) . Additionally, two studies of the EA precursor metaplasia, Barrett's esophagus, determined that higher concentrations of free androgens were associated with increased Barrett's esophagus risk (45, 46) .
Concentrations of circulating sex steroid hormones observed in the current study were similar to previous reports for men (47) (48) (49) . While circulating concentrations of DHEA-sulfate are known to be higher in men than in women (1280 ng/mL vs 610 ng/mL, age 55-60 years) (50) (51) (52) , few studies have examined sex differences associated with circulating DHEA (52, 53) . Two studies have reported that concentrations of DHEA are higher in women than men (54, 55) , but one study reported similar concentrations of circulating DHEA by sex (56) . Estradiol concentrations are known to be higher in women than in men until menopause, after which time estradiol concentrations are roughly equivalent (48) .
Reasons for an inverse association between circulating DHEA concentration and EA/GCA risk are not completely understood. DHEA may enhance immune function (52) and has been inversely correlated with interleukin-6 (IL-6) (57), which can act as a pro-inflammatory cytokine. An in vitro model demonstrated that DHEA can inhibit IL-6 secretion from peripheral blood mononuclear cells (57) . IL-6 has been implicated in EA development, with a recent study reporting that both mRNA and protein levels of IL-6 were overexpressed in gastro-esophageal cancer tissue specimens compared with normal epithelial tissue from control subjects (58) . DHEA derivatives have been shown to exhibit inhibitory activity against gastric cancer cell lines (59) . Additionally, a US Food and Drug Administration-approved chemotherapy agent for metastatic castration-resistant prostate cancer, abiraterone, functions as a selective inhibitor of CYP17 and suppresses serum DHEA concentrations by approximately 75% (60, 61) . Thus, DHEA could be reducing the EA/GCA risk through immunomodulation.
In men and women, ERs are expressed in esophageal and gastric tissue/cell lines (9, (15) (16) (17) (18) (19) (20) . DHEA (62, 63) and estradiol (64) are both full agonists of ER-b. Binding of this receptor by estradiol has been shown to inhibit cellular growth through induced apoptosis and cell cycle arrest (17)-a mechanism by which DHEA could also exert its independent effect, the greater impact of which may be attributable to its higher concentration and greater variability, relative to estradiol, in this male population. This mechanistic hypothesis is complicated by evidence that selective estrogen receptor modulators (ie, tamoxifen, raloxifene) (17, 65) and antagonists (ie, MPP, PHTPP) (66) demonstrate similar antiproliferative effects. Estrone (67, 68) and androstenedione (69) are less potent ER agonists, while testosterone (70) and DHT (71) exert action through the androgen receptor. These differential affinities for estrogen or androgen receptors may partially account for why we observed associations with estradiol and DHEA but not for other estrogens or androgens.
In older male populations, it has been shown that DHEA is inversely associated (72) , and estradiol positively associated (73) , with BMI. These prior studies align with our observations in the current study (DHEA-BMI q ¼ À0.24, P ¼ .01; estradiol-BMI q ¼ 0.06, P ¼ .53; free estradiol-BMI q ¼ 0.20, P ¼ .04), although these Spearman rank correlations evidence only weak relationships between these variables. These relationships are interesting but are unlikely to explain our results given that all analyses were adjusted for BMI, and there was no evidence of effect measure modification by BMI.
The strengths of this study include use of state-of-the-art quantitation of circulating sex steroid hormones and serum samples collected five to 12 years prior to incident diagnosis of cancer. Previous studies have utilized serum/plasma samples collected at the time of diagnosis (28, 44) , making it impossible to distinguish whether the observed hormone perturbations arose from the tumor or the disease process itself. Additionally, two of the previous studies that examined EA and gastric cancer utilized radioimmunoassay for hormone quantitation (28, 29) . While correlations between radioimmunoassay and mass spectrometry technologies are high, mass spectrometry is considered the gold standard for hormone quantification, as it has greater sensitivity and specificity (74) .
Limitations of this study include the inability to assess circulating sex steroid hormones in women, lack of information on preexisting esophageal disease, and combining the outcomes of EA and GCA. Given that age-adjusted incidence of EA/GCA is four to eight times higher in men than women (5,6), pooled resources from the cohorts included in the current study, two of which recruited women, were still unable to provide a sufficient number of women participants for analysis. The three parent cohort studies included also provided no information on possible underlying esophageal diseases, which could affect the concentrations of circulating sex steroid hormones. Results between individuals diagnosed early in study follow-up (<8.4 years) and late in follow-up (!8.4 years) were similar, suggesting that preexisting esophageal conditions did not substantially impact our findings.
In our main analysis, we combined the tumor sites of EA and GCA. However, there is some controversy as to whether they should be considered a combined outcome (75) , and sex disparities do differ by site (5, 6, 31) . However, we did stratify the results by tumor site, and the results did not indicate notable heterogeneity. Tumors that involve the distal esophagus and gastric cardia are difficult to classify, due to their close anatomic proximity (76) . Thus, results stratified by site should be interpreted with caution, as there was heterogeneity among the three studies with regard to how tumors were classified as EA or GCA and there was no additional histopathologic review to attempt to further classify tumor site (77) . Furthermore, there was heterogeneity by study in the concentrations of circulating sex steroid hormones. Therefore, we examined study-specific quartiles of circulating sex steroid hormones; these studyspecific analyses were similar to the overall pooled results.
In summary, we report that DHEA, estradiol, and free estradiol are inversely associated with EA/GCA risk. While we were unable to assess the association between circulating sex steroid hormones and EA/GCA risk in women, the associations between DHEA and estradiol may partially explain the sex disparities seen in rates of EA and GCA. Before definitive conclusions can be made, these findings need to be replicated in a study population that includes women. However, due to the rarity of EA/GCA in women, this will require multi-institutional collaborations.
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